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I. INTRODUCTION

Heating by radiofrequency (RF) radiation at high inten-

sities can cause biological changes by whole body hyper-
thermia or by altered thermal gradients within the body
(Johnson and Guy, 1972). However, there have been reports
of effects, such as on the reproductive, immunologic, neuro-
endocrine and nervous systems of experimental animals, at
low intensities of RF radiation without evidence of in-
creased body temperature (Baranski and Czerski, 1976). Over
the years, there has been considerable controversy con-
cerning the potential for RF radiation to cause various
biological effects in experimental animals in the absence of
detectable increases in body or tissue temperature. In many
instances, the effects produced by PF radiation have been
attributed to direct interactions (i.e., athermal or field-
specific) unrelated to any detectable temperature change in
the biological specimen. We have been particularly
interested in attempting to interpret the many studies that
report RF radiation-induced effects on the inmnune system of
exposed animals in the absence of a colonic temperature
increase (Smialowicz, 1979). To this end studies were
undertaken to determine if subtle heating by RF radiation at
low power densities (<l mW/cm2 ) might be detectable in

•': •431 An HO 0(V" &N in• - my ,-im fWr,.••,ed.
Mtms~~1 m8 M~e C31 12 ~ 44*)20O



432 Ralph J. Smialawkz

animals whose thermoregulatory response was cpromised.
In earlier work, Stern, et al. (1979) and Adair and Adams

(1980), using techniques to assess behavioral and physio-
logical thermoregulatory responses, deeonstrated that
animals would respond to RF radiation by selecting less
infrared heat or by initiating peripheral vasodilation
respectively when placed in a cool environment at power
densities below 20 mW/cm2 . Putthoff, et al. (1977) showed
increases in the core temperature of rats made hypothermic
with cortisone and then exposed to PF radiation at a dose
rate of approximately 40 W/kg. These results indicate that
animals in which normal thermoreguiatory responses are com-
promised by drugs or animals in which individual thermo-
regulatory responses are measured in cool environments may
be sensitive models for the detection of subtle RF-induced
heating.

To further examine this hypothesis, two agents were used
to compromise the thermoregulatory response of rodents.
Lipopolysaccharide (LPS) or endotoxin from Gram-negative
bacteria was used in rats and 5-hydroxytryptamine (5-HT) was
used in mice. LPS induces a febrile response in man and
several other species; however, rats, mice and guinea pigs
injected with LPS and held in a cool (22 OC) environment
develop hypothermia (Feldberg and Saxena, 1975). Likewise,
mice injected with 5-HT, which are held in a cool (22 *C)
environment, develop a hypothermia in a matter of minutes
(Dooley and Quock, 1976). Impairm•nt of thermoregulation by
endotoxin in the rat and 5-HT in th•e mouse in these studies
allowed us to detect subtle whole body heating by WF radia-
tion at a power density (1 mW/cm2 ) heretofore considered to
be nonthermogenic.

II. METHODS

The methods employed have been reported previously
(Smialowicz, et al., 1980, 1962a). Unless stated otherwise,
experimentally naive young adult rats and mice were used
once and then killed after several days of observation.
Rats were injected intravenously with a single dose of
Salmonella typhimuriun LPS (100 ijg/kg) and mice intraperi-
toneally with a single dose of 5-HT creatine sulfate complex
(20 mg/kg) in a volume of 0.2 ml. These agents render the
animals hypothermic when they are maintained at a cool
ambient temperature of 22 *C. Control animals were injected
with an equal volume of pyrogen-free saline. In prelimi-
nary studies it was found that LPS was more effective in
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producing hypothermia in rats than in mice where a great
deal of variability in response was observed. The opposite
was found with 5-HT-induced hypothermia in which mice
responded better than rats.

Immediately following injection, individual rats were

placed in perforated acrylic restrainers and mice were
placed in perforated polycarbonate boxes. The restrained
rats were positioned with their long axis oriented parallel
to the H-field vector. The mice had freedom of movement in
the boxes and their orientation in the field was random.
Four such animals were then placed each in one of four
positions of a diamond-shaped array in an environmentally
controlled exposure chamber which was positioned beneath a
10-db-gain pyramidal horn antenna in the far field. The
exposure chamber was confined in an anechcic chamber. The
animals were then exposed to fields generated by a Varian
Model PPS-2.5 AS industrial heating unit at a frequency of
2450 MHz in a continuous-wave mode (Smialowicz, et al.,
1980). Rats were exposed for 90 min and mice for 15 nin.
s•pecies-, strain- and age-matched LPS- or 5-HT-injected
animals were positioned in a similar array in a sham-
irradiation chamber located outside of the anechoic chamber.
A comexon environmental control foi the RF exposure and
sham-irradiation chambers permitted regulation of the
temperature and humidity, unless stated otherwise, at 22 ±
0.5 OC and 50 ± 10%, with an air flow of 4.3 m3 /min.

Power density was determined using an E-field dipole
probe in the absence of animals and containers at the four
positions. Measurements were also made at positions with
the other three occupied by water loads or animals. The
specific absorption rate (SAR) was determined by twin-well
calorimetry (Yinn, 1977). Briefly, an irradiated carcass
and an unirradiated control of equal mass were each placed

L, n the wells of a colorimeter and a strip chart recording
was made as the calorimeter returned to equilibrium. The
area under the curve of equilibrium was calculated and con-
verted to energy absorbed by the carcass with the SAR
determined from the animal's mass.

Prior to the injection of LPS or 5-HT and immediately
following exposure to RF radiation, the colonic temperature
of each animal was measured with a Model 520 YSI (Yellow
Springs Instrument Co., Yellow Springs, Ohio) thermistor
probe inserted 2.5 cm beyond the anal sphincter in rir-ce and
with a Model- 401 thermistor probe inserted 8.0 cm beyond the
anal sphincter in rats. Colonic temperatures were read to
an accuracy of 0.1 IC from a YSI Model 46 telethermometer.



434 Ralph J. Smialowi:z

III. RESULTS

A. Detection of RF Heating in Rats

The time-dependent colonic temperature response of non-
irradiated rats injected with 100 pg/kg LPS and maintained
at an ambient temperature of 22 *C and relative humidity of
50% is shown in Figure 1. Under these conditions the maxi-
mal hypothermic response occurred approximately 90 minutes

following injection. Colonic temperatures returned to
normal after 3-4 hours. One hundred pg/kg of LPS per rat is
well below the LD of 1.6 mg/kg (Smialowicz, et al., 19801.
Since the nadir OW the hypothermic respcnse of rats to LPS
occurred at 90 minutes post-injection, subsequent experi-
ments with RF radiation were conducted for this length of
time.
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Figure 1. Time-dependent colonic temperature response to
endotoxin 100 pg/kg and saline of rats held at T -22 *C

(Smialowicz, et al., 1980. Reproduced by permission of Alan
R. Lisa.)
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In a series of exposures to 2450 MHz radiation at dif-
ferent power densities (1, 5, and 10 mW/cm2 ), an increase in
the colonic temperature of LPS-injected rats was observed to
be related to an increase in power density (Figure 2). At
each power density, the mean colonic temperature was signif-
icantly greater (P < 0.05, Dunnett's t-test) than that of
LPS-injected, sham-irradiated rats (plotted at a power
density of 0 in the figure). The specific absorption rate
(SAR) for rats in this study was approximately 0.2
(W/kg)/(mrW/cm2 ). This SAR value was obtained by the method
of twin-well calorimetry and has been reported by Kinn
(1977) and Smialowicz, et al. (1979a).
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Figure 2. The effect of 90 minutes radiofrequency ir-

radiation on endotoxin-induced hypothermia in rats. (Smia-
lowicz, et al., 1980. Reproduced by permission of Alan R.
Liss.)

.,J,• .. ,,

f-



436 Ralph J. Smlalowicz

Rats injected with pyrogen-free saline and ex osed for
90-minutes at an average power density of 5 mW/cm did not
show a significant increase in colonic temperature compared
with saline-injected, sham-irradiated controls (Figure 2).
A statistically significant difference (P < 0.05, Student's
t-test) was observed in the colonic temperature of saline-
injected rats exposed at 10 mW/cm2 , relative to saline-
injected, sham-irradiated controls.

In another experiment, the effects of procedural acclima-
tization on the response to RF radiaticn was examined. Two
groups of rats were acclima'..ed to handling procedures for
two weeks prior to LPS injection and RF radiation exposure.

Figure 2 shows that when these rats were irradiated with
2450 MHz RF radiation at 0.5 mW/cm2 their mean colonic tem-

perature was 0.6 *C higher than sham-irradiated LPS-injecr.ed
rats, although this difference was not significant. These
results suggest that rats which are appropriately acclimated
to handling and then made hypothermic with LPS may serve as
an even more sensitive model than naive rats for detection
of RF-induced heating.

The effect of ambient temperature alone on the magnitude
of endotoxin-induced hypothermia is shown in Figure 3. In
this experiment naive rats were injected with LPS
(100 Pg/kg), placed in restrainers and held at ambient tem-
peratures ranging from 18 to 34 OC and at a relative
humidity of 50%. Ninety minutes after LPS injection, the
colonic temperature was measured. The colonic temperature
of LPS-injected rats after 90 minutes depended on the
ambient temperature at which the animal was held. Only when
the ambient temperature exceeded 30 OC, which is at- the
upper limit of the thermoneutral zone for the rat, wasý the
colonic temperature of LPS-induced hypothermic rats signifi-
cantly greater than saline-injected rats held at 22 OC.

B. Detection of RF Heating in Mice

The time-dependent hypothermic response of non-irradiated
BALB/C mice to 5-HT at 22 *C and 50% humidity is shown in
Figuze 4. The nadir of body temperature of mice treated
with 5-HT occurred approximately 15 min following injection.
A similar response was observed with CBA/J mice. Colonic
temperature returned to normal within 90 minutes. On the
basis of these data, mice were exposed to RF radiation
during the first 15 min following 5-HT injection.

Table 1 shows the colonic temperature response of 5-HT
injected mice exposed to 2450 M~z RF radiation at several
power densities. Two strains of mice were studied, male
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Figure 3. The effect of ambient temperature on colonic

temperature of rats 90 minutes after injection of endotoxin
(100 pg/kg) or saline. (Smialowicz, et al., 1980. Repro-
duced by permission of Alan R. Liss.)

k CBA/J and female BALB/C mice. These two strains were used
because of our work with these mice in assessing the immmuno-

logic effects of RF radiation (Smialowicz, et al., 1979b,
Smialowicz, et al., 1981b, and Riddle, et al., 1982). The
mice were maintained in an environment at 22 *C, 50% rela-

Stive humidity with an air flow at 4.3 m3 /min during irra-
"diation. Significant (P < 0.05, Student's t-test) increases
"in the colonic temperature of 5-HT treated BALB/C mice were

.• observed at 10, 5 and I mW/cm2 compared with 5-HT treated
Ssham-irradiated mice. CBA/.3 mice irradiated at 10 and 5

fmW/cm
2 also showed significantly (P < 0.05) higher colonic

temperatures compared with their sham-irradiated controls.
At 1 mW/cm 2 , 5-HT treated CBA/J mice had higher colonic
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Table 1. EFFECT OF 2450 MHz RADIOFREQUENCY RADIATION ON COLONIC
A• TEMPERATURE OF 5-HYDROXYTRYPTAMINE.INDUCErP, HYPOTHERMIC MICE

MEAN COLONIC TEMPERATURE (eC) ± SE

STRAIN TREATMENT POWER DENSITY SHAMS IRRADIATED P
inWICM2)

BALB/C 5-HT 1 34.3 t 0.1 345 ± 0.1 < 0.06
5 34 it ±0.1 35.7 ± 0.1 < 0.01

10 34.5 t 0.2 36.5± 0.2 < 0.01
SALINE 10 36.5 ± 0.1 38.7 ± 0.1 Ni.

CSA/J 5-HT 0.5 34.2 ± 0.3 34.7 ± 0.2 NA.
1 34.5 ± 0.2 36.0±• 02 0.061
5 34A ± 0.2 36.6± 0.2 < 0.01

10 34.7 t 0.2 36.3 ± 0.3 < 0.01
SALINE 10 37.6 ± 0.2 37.7 ± 0.1 NA.

'EIGHT TO TWELVE MICE AT EACH POWER DENSITY.

Table 1. Colonic Temperature Response of Mice Injected
with either Saline or 5-Hydroxytryptamine (20 mg/kg)
to 2450 MHz Radiofrequency Radiation. (Smialowicz,

et al., 1981a. Reproduced by permission
of Academic Press.)

temperatures than shams, although this difference was not
significant. Saline-injected BALB/C or CBA/J mice irra-
diated at 10 mW/cm2 showed no significant increase in
colonic temperature compared with saline-injected sham-
irradiated mice. The SAR for mice in this study was
approximately 0.7 (W/kg)/ mW/cm2 ) . This value was obtained
by the method of twin-well calorimetry (Smialowicz, et al.,
1979b).

The effect of ambient temperature on the hypothermic
response of 5-HT-treated CBA/J mice is shown in Figure 5.
Experimentally naive mice were injected with 5-HT
(20 mg/kg), placed in perforated boxes and held at ambient
temperatures ranging from 18 to 34 OC and at a relative
"humidity of 50%. Fifteen minutes after 5-HT injection, the
colonic temperature was measured. Colonic temperature
increased linearly with increasing ambient temperature.
Even at an ambient temperature of 34 'C, the hypothermic
effect of 5-HT was still evident.

t
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Figure 5. The effect of ambient temperature on colonic

temperature of CBA/J mice 15 minutes after injection of
5-hydrox-ytryptamine (20 mg/kg) or saline. (Smialowicz, et
al., 1981a. Reproduced by permission of Academic Press.)

IV. DISCUSSION

uI
'41ý b .esults demonstrate that RF heating once thought to

be undetectable can be detected in rats whose normal thermo-
regulation was impaired by LPS and in mice whose normal
thermoregulation was impaired by 5-HT at power densities
heretofore considered to be nonthermogenic. Significantly
higher colonic temperatures in hypothermic rats and mice
compared with saline-injected animals were measured at SARs
of 0.2 W'kg and 0.7 W/kg respectively. By acclimating test
animals to handling procedures, the detectability of ten~per-
ature increases in hypothermic rats was increased, although
not significantly. These results suggest that acclimation

of animals to handling procedures may reduce some of the
variability observed in non-habituated LPS-injected rats and
5-HT-injected mice and increase the 2nsitivity of these
hypothermia models for detecting su".le thermogenesis by
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low-level RF radirtion.--'
The rat, unlike other species, exhibits a decreased body

temperature following intravenous injection of endotoxin.
The absence of a rise in body temperature in rats following
endotoxin treatment is believed to be due to a high rate of
heat loss in these animals. This response may be a conse-
quence of a reduction in insulation during shivering in the
rat, which nas a large body surface area to mass ratio
(Bligh, 1973). Ambient temperature plays a critical role in
this response to endotoxin; at temperatur:!s above thermal
neutrality, endotoxin-treated rats respond with a typical
biphasic febrile response (Szekely and Szelenyi, 1979).

he systemic administration of 5-HT produces a dose-
related decrease in body temperature of rats exposed to
environmental temperatures below the thermoneutral point
(Winter, 1971). It is believed that 5-HT hypothermia is
mediated via peripheral mechanisms because systemically
administered 5-HT does not cross the blood-brain barrier
(Underfriend, et al., 1957; Carter and Leander, 1980). The
degree and direction of the change in body temperature
induced by 5-HT has been shown to be a function of the
ambient temperature employed and has been characterized as a
poikilothermic response (Shemano and Nickerson, 1958). The
exact mechanism by which 5-HT induces hypothermia is not
known. It has been postulated that 5-HT acts peripherally
resulting in changes in cardiovascular and/or respiratory
function or may act by depressing general activity (Myers
and Waller, 1977).

* The colonic temperature increase in LPS-injected rats
induced by RF radiation was found to be dependent on the
power density at which the animals were exposed just as it
was found to be dependent on ambient temperature. A similar
response was observed in 5-HT-injected mice. No significant
increase in the colonic temperature of rats or mice injected
with saline and irradiated at 5 mW/cm2 was observed compared
with sham-irradiated saline-injected animals. These data
indicate that the increase in colonic temperature in LPS-
injected rats and 5-HT-injected mice exposed to RF radiation
was due to the thermalizing energy of this radiation.

"These results indicate that small doses of thermalizing
energy from low-intensity (SAR < 1 W/kg) RF radiation are
detectable as significant increases in colonic temperature.

. In normal rats and mice (saline-injected), the thermali-
zation by IT radiation at these low intensities may be com-
pensated for by an increase in the rate of heat loss. This
compensatory heat loss may then be exceeded when animals are
ir-radiated at higher intensities, as evidence by a signifi-

4 cant increase in the colonic temperature of saline-injected

/I
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .1
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rats exposed at 10 mih/cm2 (riqure 2).
A re-evaluatioa of the literature on RF radiation-induced

biol.ogical effects, particularly etfrcts on the immune
system, ij indicated by these studies. More prudent assers-
mant of claims for "nonvhermal" (i.e., absenice of measurable
elevation of tissue or body temperatuA.e) Pr*-induced bio-
logical effects is needed, with conbideration uf the thermc-
genic potential of RF radiation as a cause for chAnges in
biological responsas.
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